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Abstract 
As part of an ongoing process to fully evaluate the potential 
for friction stir welding (FSW) to be used in the shipbuilding 
industry, a comparison has been made between two variants of 
the process. 8mm thick DH36 steel plate was friction stir 
welded using a single sided and a double sided process. An 
assessment of the processes was made to report on the 
resultant distortion behaviour, hardness, yield strength, 
toughness and microstructure. As a further comparison, 
additional work on 8mm thick submerged arc welded (SAW) 
DH36 plate has been included as the current shipbuilding 
benchmark. The overall process feasibility will be assessed 
including the issue of the requirement to rotate the workpiece 
through 180° to complete the second side of the double sided 
process. 
 
Keywords 
Friction Stir Welding (FSW), DH36, Plate distortion, Weld 
toughness, Submerged Arc Welding (SAW). 
 
 
Introduction 
Many industries, especially transportation (railways, 
automotive, shipbuilding and aerospace), are considered to be 
major investors in advanced welding research because of the 
direct impact of the research outcomes on their product quality 
and versatility. In recent years, this investment has promoted 
the development of more advanced welding techniques than 
the commonly used arc welding processes. The prerequisites 
necessary for commercializing these continually developing 
techniques are; moderate infrastructure investment, minimum 
edge preparation, high productivity, wide chemical 
composition tolerance, defect free welding, low heat input and 
minimum distortion. In some cases, where good weld quality 
and very small heat affected zone (HAZ) damage are of 
supreme importance the laser welding process is often 
considered [1-3] despite the disadvantage of requiring high 
infrastructure investment. Weld penetration depth and quality 
obtained by this process depends on the laser absorption 
coefficient of the welded alloys. Having low absorption 
coefficient values, as in case of Al and Cu alloys, requires 
superficial treatments to reduce the surface reflectivity level 
which is typically obtained by sandblasting or blacking the 
surfaces to be welded [4]. These low melting temperature 
metallic materials, mainly Al, Mg and Cu alloys, have been 
widely investigated for FSW and has resulted in increased 
commercialization [5,6] such that FSW is increasingly 
considered as a competitor to the aforementioned laser 
welding technique. This FSW process, with lower 
infrastructure investment, has continuously been developed for 
the light metals since its invention in 1991 [7] and is now 
gathering interest in terms of its potential for the advanced 
joining of steels. FSW can be described as a hot working 
process in which in situ extrusion and forging are used to 
produce a solid state weld [8]. The primary barrier to FSW of 
higher melting temperature metals, such as ferrous alloys, is 
the severe demand placed on the friction stir tool to withstand 
the combined effect of the high temperature and high forces 
[8] exerted during the process. Reynolds et al. [8] reported on 
the use of FSW for the same material used in the present 
study, hot rolled DH36 steel, with a similar parent plate ferrite 
and pearlite microstructure, but with a tungsten alloy tool. 
Three welding speeds of 200, 300 & 450 mm/min were used 
with a weld pitch [rotation speed (rev. sec-1) / Welding speed 
(mm sec-1)] of 1.72 rev/mm. These FSW parameters 
developed a microstructure with a combination of bainite and 
martensite in the nugget region whereas it was pearlite and  
martensite in the HAZ region. Regions of martensite showed a 
maximum hardness of 415 HV0.3 (using indentation load of 
300 gf) whereas the parent material showed a value of 177 
HV0.3. Lienert et al. [9], studied the same process parameters 
on the same material but with a W-25%Re tool having the 
same geometry as that used in the study by Reynolds et al. [8]. 
However, a welding speed of 200 mm/min and 2 rev/mm weld 
pitch was used. A maximum hardness of 215 HV0.5 (using 
indentation load of 500 gf) was measured in the nugget region 
that showed no evidence of martensite. All the previously 
presented observations have been carried out on steel plates 
with thicknesses less than 6 mm. FSW of thicker plates 
requires stir tools with longer pins manufactured from stronger 
tool materials and recent developments in modern tool 
materials has looked primarily at refractory metals (W-Re), 
polycrystalline boron nitride (PCBN) and WC. Another way to 
successfully weld greater thicknesses of carbon steel plate 
involves passing the tool along both sides of the abutted plates 
in sequence [10], hence the term double sided FSW.  
However, FSW involves complex interactions between a 
variety of simultaneous thermomechanical processes and these 
interactions affect the heating and cooling rates, plastic 
deformation and flow, dynamic recrystallization and 
mechanical integrity of the joint [11]. The objective of the 
present study is to evaluate and compare the extent of post 
weld distortion, microstructure, hardness and toughness of the 
micro-alloyed 8mm plate DH36 steel plates subjected to single 
and double friction stir welding regimes. Comparisons will 
also be drawn against the benchmark process, namely SAW. 
 
Experimental Work 
Material Used 
The as received DH36 micro-alloyed steel was supplied in the 
form of rolled plates with dimensions 2000 x 300 x 8mm 
(length x width x thickness). The plate chemical composition 
given by the supplier fitted well with the actual chemical 
analysis, which was carried out using optical emission 
spectroscopy. This is shown in Table (1) and the carbon 
equivalent for the shown chemical composition is 0.37% as 
calculated from the Dearden and O'Neill formula was adopted 
in 1967 [12]. 
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Table 1: Chemical analysis for the as received 8 mm DH36 
steel (wt%) 
C 0.14  S 0.008 
Si 0.37 Al 0.01 
Mn 1.34 Nb 0.03 
P 0.017 N 0.003 
Fe Rem.   
 
Welding Procedures 
The as received DH36 steel plates were initially checked for  
edge straightness and profile. They were tightly clamped to 
the table of TWI’s Power Stir computer controlled friction stir 
welding machine. For good contact and homogenous 
distribution of the forces exerted by the tool shoulder, the 
surface of the side to be welded was milled smoothly for about 
30mm with a very high rotating shank milling tool to remove 
the paint primer from the weld area. The single sided FSW 
process was performed in the counter clock wise (CCW) 
direction using the MegaStir tool shown in Fig. 1 with a pin 
length of 8 mm and a shoulder of 36.8mm. Performing the 
double sided FSW, similar tools but with 4mm and 6mm pin 
lengths were used respectively. All the tool pins were made 
from polycrystalline boron nitride (PCBN) Q70 material, 
whereas the rest of the tool was made from a refractory metal 
alloy.  
 
 
Fig. 1: Friction stir welding tool geometry 
 
To apply the second pass of the FSW, the plates were rotated 
around their welding axes after completing the first weld. All 
welding passes were performed with a welding traverse speed 
of 125 mm/min, rotation speed of 250 rev/min (a weld pitch of 
2 rev/mm) and an axial force of 60 KN in the Z direction. For 
comparison purposes, two additional DH36 plates with the 
same thickness were welded together using the (SAW) process 
in two passes as shown in Fig. 2. 
 
 
Fig. 2: SAW Passes 
 
Distortion Measurement 
After completing both the single and double sided friction stir 
welding process, the angular and longitudinal distortion of the 
post welded plates was measured in the Advanced Material 
Research Laboratory (AMRL) in Strathclyde University. This 
measurement was performed using a stationary table with four 
adjustable tipped screws, in the corners of a rectangle of 380 x 
800mm which secured zero leveling. The welded plate was 
centered and leveled above these four screws and a complete 
laser scan for the plate top surface was carried out. This scan 
was applied using a laser probe supported in a moving 
carriage in a plane parallel to the leveling plane with a 
separation distance of 30 cm. This probe allows the 
determination the height difference of the plate surface with 
respect to the leveling plane (30 cm – plate thickness in (cm)) 
in steps of 20 mm in both X and Y directions. The data was 
captured and processed by the Lab View software package 
where the plate surface profile shows the plate distortion. 
 
Microstructure Evaluation 
The microstructure of the as received plates as well as that for 
the single and double sided friction stir welds was optically 
investigated using an Olympus GX-51 metallurgical 
microscope. In addition, a scanning electron microscope 
(HITACHI S-3700), with a large chamber (150 x 110 mm), 
was used for higher magnification and spot analysis. This 
scanning microscope was equipped with the Energy 
Dispersive Spectroscopy (EDS) capability, Oxford Inca 350 
with 80 mm X-Max detector that allows precise elemental 
analysis. All the microstructure investigations were conducted 
in a plane perpendicular to the weld passes.  
 
Mechanical Testing 
 
 
Fig. 3: Tensile specimen and weld position 
 
Tensile test specimens were machined according to the British 
Standard (BN EN ISO 4136:2011) in directions perpendicular 
to the centre line of the weld so that the weld region is exactly 
in the mid of the original length as shown in Fig. 3. These 
specimens were used to evaluate the mechanical properties of 
the as received plates as well as to compare its strength with 
that of the weld region. Toughness of the weld joint in 
different zones was evaluated by using the standard V-notch 
Charpy specimen according to the British Standard (BS EN 
ISO 148-1:2010) but with a height equal to the plate thickness 
(8mm). The specimens were machined in a direction 
perpendicular to the weld centre line so that the vertex of the 
notch is in position (-6, -4, -2, 0, +2, +4, +6) mm from the 
centre line as shown in Fig. 4. At each position, three impact 
specimens were machined and tested at -20○C. Hardness maps 
for the weld joint, were produced using fully automated 
microhardness tester equipment with a 1kg load. 
Using a motorized stage, measurements were carried out in 
steps of 0.7 mm in both X and Y direction, following the 
programmed regime. Indentations were adjusted in parallel 
rows with 0.5 mm away from the plate surfaces.  
 
 
Fig. 4: Charpy impact test orientation and notch position with 
respect to the weld centreline 
 
 
Results and Discussion 
Hardness 
The hardness scans for the SAW and double sided FSW  weld 
regions are shown in Fig. 5. Overall the FSW weld metal is 
slightly harder than the SAW, but it is not at a level that would 
cause any concern. However in the FSW representation there 
is an area in the overlap region which has been softened, and 
this may have an effect on the mechanical properties.    
 
Plate Distortion 
Both surfaces of the single and double sided friction stir 
welded FSW plates were scanned for distortion. Depending on 
the bending direction (top/down), the surfaces show different 
profiles.  These profiles that show maximum deviation from 
the leveling plane are shown in Fig. 6. For comparison, the 
distortion profile for the arc welded plates is shown in the 
same figure. All plates show a longitudinal distortion along 
the Y axis but with different degrees of deformation. In the 
single sided FSW plates, a range of (5 to -5 mm) deviation 
from the leveling plane covers most of the plate length 
whereas the rest lies in the range of (-5 to -15 mm). The same 
distortion behavior is observed for the double sided FSW 
plates but with wider range (5 to -25 mm). The arc welded 
plates profile shows asymmetric distortion behavior rather 
than the symmetrical behavior shown for the FSW plates, 
where most of the distortion is clearly observed in the edge of 
the plates in the range (15 to 90 mm). Significant angular 
distortion around the Y axis is observed for the arc welded 
plates, whereas very little is observed in the FSW plates.  
 
Microstructure evaluation 
Microstructure variation of the weld joint for the 8mm single 
sided FSW plate is shown in Fig. 6. Explaining this variation, 
one should clearly understand the effect of many interacting 
phenomena that take place as a consequence of the stirring 
operation. During FSW, the tool is forced axially in the Z
Notch end (2mm from 
the plate surface)
Notch position from the weld C.L.
LT
-6 mm
-4 mm
-2 mm
Weld 
C.L.
(a) 
 
(b) 
Fig. 5: Hardness scans of 8 mm (a) SAW and (b) double sided FSW 
 
direction to keep its shoulder in direct contact with the plate 
surface, continuously rotating and heating the material. Some 
authors [13], have reported that the material temperature 
beneath the tool shoulder is constantly in the range of 1000 -
1200○C, depending on the welding parameters. These authors 
[13, 14] proved either experimentally and/or analytically that 
the friction of the tool shoulder produces most of the heat 
generated during the FSW process whereas the tool pin 
participation is comparably low. In spite of this fact, they 
presented temperature profiles showing that the material 
adjacent to the tool pin always has a higher temperature. 
On the contrary, they related the metallurgical development 
(mainly dynamic recrystallization phenomena observed in the 
nugget) during the FSW process to the mechanical action 
exerted by the tool pin together with the generated heat flux. 
However, Fig. 7 (a) shows the macrostructure of the single 
sided FSW joint. In this macrostructure, the weld region is 
surrounded by the thermo mechanically affected zone 
(TMAZ). The parent material shown in Fig. 7 (b) shows a 
banded ferrite and pearlite microstructure. . In the boundary of 
the TMAZ, the pearlite has been seen to start to degenerate 
and will probably be a mixture of various transformation 
products, shown in Fig. 7 (c). Going towards the weld region, 
receiving more deformation during the FSW process by the 
tool pin, enhances the dynamic recrystallization process 
reported by [15-18] and produces finer acicular structure in 
combination with areas of ferrite in Fig. 7 (d). In the weld 
region, the welded material received maximum deformation, 
higher temperature and encountered a relatively lower 
dissipation rate that produced a relatively uniform acicular 
ferrite structure. Fig. 7 (e).  
The microstructure of the double sided stir welded joint shows 
the same microstructure as was observed in the single sided 
stir welded joint except for the interference zone between the 
two passes as shown in Fig. 8 (a). In this zone, the 
microstructure observed by the SEM shows that the grains are 
equiaxed and smaller than these grains of the rest of the weld 
Fig 8(b and c). This morphology as well as the grain size is 
expected to raise the material toughness and enhance the 
relevant mechanical properties. Optically, the observed 
microstructure shows the presence of degenerated pearlite, on 
the ferrite boundaries. Further higher resolution work is 
required in this area to more fully understand the phases 
present in the overlap area. 
 
0
0.
8
1.
6
2.
4
3.
2 4
4.
8
5.
6
6.
4
7.
2 8
8.
8
9.
6
10
.4
11
.2 12
12
.8
13
.6
14
.4
15
.2 16
16
.8
17
.6
18
.4
19
.2 20
20
.8
21
.6
22
.4
23
.2 24
24
.8
25
.6
0
0.8
1.6
2.4
3.2
4
4.8
5.6
6.4
7.2
8
8.8
9.6
10.4
11.2
12
12.8
275-290
260-275
245-260
230-245
215-230
200-215
185-200
170-185
155-170
140-155
125-140
0
0.
8
1.
6
2.
4
3.
2 4
4.
8
5.
6
6.
4
7.
2 8
8.
8
9.
6
10
.4
11
.2 12
12
.8
13
.6
14
.4
15
.2 16
16
.8
17
.6
18
.4
19
.2 20
20
.8
21
.6
22
.4
23
.2 24
24
.8
25
.6
26
.4
27
.2 28
28
.8
29
.6
30
.4
31
.2 32
32
.8
33
.6
0
0.4
0.8
1.2
1.6
2
2.4
2.8
3.2
3.6
4
4.4
4.8
5.2
5.6
6
6.4
6.8
7.2
275-290
260-275
245-260
230-245
215-230
200-215
185-200
170-185
155-170
140-155
 
(a) single sided FSW plates 
 
(b) double sided FSW plates 
 
(c) SAW plates 
 
Fig. 6: Post weld distortion profiles (dimensions in mm) 
 
Mechanical property evaluation 
All cross weld tensile tests fractured in the parent plate 
illustrating the higher strength of the weld metal in the FSW 
and SAW welds. This was also reported by Reynolds et al [8]. 
Some small scale tensile testing of longitudinal samples also 
confirmed this. The highest strength was seen in the double 
sided FSW welds, and the lowest in the SAW welds. This is a 
reflection of the mixed coarser microstructure of the SAW 
material in comparison to the regular fine acicular ferrite seen 
in the FSW samples.  
 
 
(a) macrostructure of the single sided FSWd plates 
 
(b) parent material 
 
(c) TMAZ near to the parent plate 
 
(d) TMAZ near tp the weld 
 
(e) microstructure of the weld 
 
Fig. 7 Macro and microstructure for the single sided FSW 
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(a) macrostructure of the double sided FSWd plates 
 
(b) microstructure of the weld region (SEM) 
 
(c) microstructure of the interference zone (SEM) 
 
(d) microstructure for the interference zone (optical) 
 
Fig. 8: Macro and microstructure for the weld region and the 
interference zone (double sided FSWd joint) 
 
The toughness of the three welds is shown in Fig. 9 and this 
data is based on a Charpy specimen size of 10 x 7.5 mm. 
based on this data it would appear that the double sided FSW 
process has the potential to improve the weld toughness over 
the single sided FSW and SAW. This will be related to the 
relative microstructures, such as the softer area in the overlap, 
but that requires more research. 
 
 
Fig. 9: Absorbed energy along the weld joint 
 
Conclusions 
1) Single/double sided friction stir welding produces lower 
angular and longitudinal distortion than the sub arc 
welding of DH36 shipbuilding steel. 
2) Strength and hardness of the double sided friction stir 
welded joint are higher than that of the single sided 
friction stir welded joint. 
3) Performing the second pass in the double side friction 
stir welding process creates an improvement in 
toughness which is likely to be related to microstructural 
differences.  
4) There is scope for further work based on this study on 
the exact contribution to the effects in the overlap area on 
the overall properties 
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